We have cloned and characterized the full-length genome of adeno-associated virus type 4 (AAV4). The genome of AAV4 is 4,767 nucleotides in length and contains an expanded p5 promoter region compared to AAV2 and AAV3. Within the inverted terminal repeat (ITR), several base changes were identified with respect to AAV2. However, these changes did not affect the ability of this region to fold into a hairpin structure. Within the ITR, the terminal resolution site and Rep binding sites were conserved; however, the Rep binding site was expanded from three GAGC repeats to four. The Rep gene product of AAV4 shows greater than 90% homology to the Rep products of serotypes 2 and 3, with none of the changes occurring in regions which had previously been shown to affect the known functions of Rep68 or Rep78. Most of the differences in the capsid proteins lie in regions which are thought to be on the exterior surface of the viral capsid. It is these unique regions which are most likely to be responsible for the lack of cross-reacting antibodies and the altered tissue tropism compared to AAV2. The results of our studies, performed with a recombinant version of AAV4 carrying a lacZ reporter gene, suggest that AAV4 can transduce human, monkey, and rat cells. Furthermore, comparison of transduction efficiencies in a number of cell lines, competition cotransduction experiments, and the effect of trypsin on transduction efficiency all suggest that the cellular receptor for AAV4 is distinct from that of AAV2.
Adeno-associated virus (AAV) is a small nonpathogenic virus of the Parvovirdae family (for a review, see reference 6). AAV is distinct from the other members of this family by its dependence upon a helper virus for replication. To date, five distinct AAV serotypes have been isolated from humans or primates (1) . The most extensively studied of these isolates is AAV type 2 (AAV2). The genome of AAV2 is 4,680 nucleotides in length and consists of single-stranded DNA of either plus or minus polarity (41, 59) . Two large open reading frames (ORFs) have been identified within the genome. The left ORF encodes the nonstructural Rep proteins which are involved in the regulation of replication and transcription and are necessary for the production of single-stranded progeny genomes (13-16, 19, 23, 28, 30, 34, 38-40, 43, 54, 57, 60-62) . Furthermore, two of the Rep proteins have been associated with the preferential integration of AAV genomes into a region of the q arm of human chromosome 19 (37, 56, 64) . Rep68/78 have also been shown to possess nucleoside triphosphate binding activity as well as DNA and RNA helicase activities (31, 32, 36, 68) . The Rep proteins possess a nuclear localization signal (36, 70) , as well as several potential phosphorylation sites. Mutation of one of these kinase sites resulted in a loss of replication activity (36) .
The ends of the genome are short inverted terminal repeats (ITR) which have the potential to fold into T-shaped hairpin structures that serve as the origin of viral DNA replication. Within the ITR region, two elements have been described which are central to the function of the ITR, a GAGC repeat motif and the terminal resolution site (TRS). The repeat motif has been shown to bind Rep when the ITR is in either a linear or a hairpin conformation (15, 16, 44) . This binding serves to position Rep68/78 for cleavage at the TRS, which occurs in a site-and strand-specific manner. In addition to their role in replication, these two elements appear to be central to viral integration. Contained within the chromosome 19 integration locus is a Rep binding site with an adjacent TRS (64, 66) . These elements are functional and necessary for locus-specific integration (26) .
The AAV2 virion is a nonenveloped icosohedral particle approximately 25 nm in diameter, consisting of three related proteins referred to as VP1, VP2, and VP3. These proteins are found in a ratio of 1:1:10 (10) and are all derived from the right-hand ORF. The capsid proteins differ from each other by the use of alternative splicing and an unusual start codon. Deletion analysis has shown that removal or alteration of VP1 which is translated from an alternatively spliced mRNA results in a reduced yield of infections particles (28, 60) . Mutations within the VP3 coding region result in the failure to produce any single-stranded progeny DNA or infectious particles (28, 60) .
The following features of AAV have made it an attractive vector for gene transfer (29) . AAV vectors have been shown in vitro to integrate stably into the cellular genome, possess a broad host range, transduce both dividing and nondividing cells in vitro and in vivo (24, 35, 48, 52) , and maintain high levels of expression of the transduced genes (65) . Viral particles are heat stable; are resistant to solvents, detergents, changes in pH, and elevated temperature; and can be concentrated on CsCl gradients (1, 2) . Integration of AAV provirus is not associated with any long-term negative effects on cell growth or differentiation (3, 67) . The ITRs are the only cis elements required for rescue, replication, packaging, and integration (55) and may contain some promoter activities (25) .
While other serotypes of AAV have been isolated from both humans and monkeys, antibodies and viral particles to AAV4 have been identified only in monkeys (7, 20) . DNA hybridization studies have indicated a similar level of homology for AAV1 through AAV4 (4, 50) . However, mRNA hybridization studies suggest that AAV4 may be organized differently from AAV2, since only one size class of mRNA has been fractionated from infectious cells (46) . Therefore, to understand the nature of AAV4 and to determine its usefulness as a vector for gene transfer, the viral genome was cloned and sequenced and recombinant virus was produced with the AAV4 Rep and Cap proteins.
MATERIALS AND METHODS
Cell culture and virus propagation. Cos and HeLa cells were maintained as monolayer cultures in D10 medium (Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 1ϫ amphotericin B as recommended by the manufacturer [GIBCO, Gaithersburg, Md.]). All other cell types were grown under standard conditions which have been previously reported. AAV4 stocks were obtained from the American Type Culture Collection (no. VR-646).
Recombinant virus was produced and subjected to titer determination as previously described (17) . The helper plasmid for production of the recombinant virus has been modified to remove any homologous sequence between the helper and vector plasmids. This step was taken to minimize the potential for wild-type (wt) particle formation by homologous recombination.
DNA cloning and sequencing. The DNA sequence was determined by using an ABI 373A automated sequencer and the FS dye terminator chemistry. Both strands of the plasmids were sequenced, and the sequence was confirmed by sequencing of a second clone. As further confirmation of the authenticity of the sequence, bases 91 to 600 were PCR amplified from the original seed material and directly sequenced. The sequence of this region, which contains a 56-base insertion compared to AAV2 and AAV3, was identical to that derived from the cloned material. The ITR was cloned with Deep Vent Polymerase (New England Biolabs), as specified by the manufacturer, and the following primers: primer 1, 5ЈTCTAGTCTAGACTTGGCCACTCCCTCTCTGCGCGC; primer 2, 5ЈAGG CCTTAAGAGCAGTCGTCCACCACCTTGTTCC. The cycling conditions were 97°C for 20 s, 65°C for 30 s, and 75°C for 1 min for 35 rounds. Following the PCR, the mixture was treated with XbaI and EcoRI and the amplified band was purified by agarose gel electrophoresis. The recovered DNA fragment was ligated into Bluescript SKIIϩ (Stratagene) and transformed into competent Sure strain bacteria (Stratagene). The helper plasmid (pSV40oriAAV 4-2 ) used for the production of recombinant virus, which contains the rep and cap genes of AAV4, was produced by PCR with Pfu polymerase (Stratagene) as specified by the manufacturer. The amplified sequence, nucleotides 216 to 4440, was ligated into a plasmid that contains the simian virus 40 origin of replication described previously (17) . The cycling conditions were 95°C for 30 s, 55°C for 30 s, and 72°C for 3 min for 20 rounds. The final clone was confirmed by sequencing. The ␤-galactosidase reporter vector has been described previously (17) .
HA assays. Hemagglutination (HA) was measured essentially as described previously (33) . Serial twofold dilutions of virus in EDTA-buffered saline were mixed with an equal volume of 0.4% human erythrocytes (RBC) (type O) in plastic U-bottom 96-well plates. The reaction was complete after a 2-h incubation at 8°C. HA units (HAU) are defined as the reciprocal of the dilution causing 50% HA.
Transduction of cells. Exponentially growing cells (2 ϫ 10 4 cells) were plated in each well of a 12-well plate and transduced with serial dilutions of virus in 200 l of medium for 1 h. After this period, an additional 800 l of medium was added and the mixture was incubated for 48 h. The cells were then fixed and stained for ␤-galactosidase activity overnight with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (ICN Biomedicals) (71). No endogenous ␤-galactosidase activity was visible after a 24-h incubation in X-Gal solution. Infectious titers were determined by counting the number of positive cells in the different dilutions with a calibrated microscope ocular (diameter, 3.1 mm) and then multiplying by the area of the well and the dilution of the virus. Titers were determined by counting the average number of cells in a minimum of 10 fields/ well.
Competition assay. Cos cells were plated at 2 ϫ 10 4 /well in 12-well plates 12 to 24 h prior to transduction. The cells were transduced with 0.5 ϫ 10 7 particles of recombinant AAV2 (rAAV2) or rAAV4 (containing the lacZ gene) in 200 l of Dulbecco's minimal essential medium and increasing amounts of rAAV2 containing the gene for the human coagulation factor IX. Prior to transduction, the CsCl was removed from the virus by dialysis against isotonic saline. After a 1-h incubation with the recombinant virus, the culture medium was supplemented with complete medium and allowed to incubate for 48 to 60 h. The cells were then stained and counted as described above.
Trypsinization of cells. An 80% confluent monolayer of 10 7 Cos cells was treated with 0.05% trypsin-0.02% EDTA solution (Biofluids) for 3 to 5 min at 37°C. Following detachment, the trypsin was inactivated by the addition of an equal volume of medium containing 10% fetal calf serum. The cells were then further diluted to a final concentration of 10 4 /ml. Then 1 ml of cells was plated in a 12-well dish and incubated with virus at a multiplicity of infection of 260 for 1 to 2 h. Following attachment of the cells, the medium containing the virus was removed, the cells were washed, and fresh medium was added. Control cells were plated at the same time but were not transduced until the next day. The transduction conditions were as described above for the trypsinized cell group. The number of transduced cells was determined by staining 48 to 60 h posttransduction and counting as described above.
Nucleotide sequence accession number. The viral nucleotide sequence determined in this study is available through GenBank under accession no. U89790.
RESULTS
To obtain AAV4 genomic DNA for cloning, a stock of AAV4 was amplified by coinfection with wt adenovirus type 5 in Cos cells and the lysate was used to infect HeLa S3 cells. The resulting viral particles were isolated by CsCl banding and assayed by dot blot hybridization with an AAV2 DNA probe. The DNA dot blots of the gradient fractions indicated that peak genomes were contained in fractions with a density of 1.41 to 1.45 g/cm 3 . This is very similar to the buoyant density previously reported for AAV4 of 1.44 g/cm 3 (47) . Analysis of annealed DNA obtained from these fractions indicated a major species of 4.8 kb which upon restriction analysis gave bands similar in size to those previously reported (46) (data not shown).
Additional restriction analysis indicated the presence of BssHII sites near the ends of the DNA. Digestion with BssHII yielded a 4.5-kb fragment which was then cloned into Bluescript SKIIϩ (Stratagene), and two independent clones were sequenced. The entire AAV4 genome sequence is presented in Fig. 1 and is also available through GenBank. In addition to the previously identified capsid ORF on the right-hand side of the genome (46), a second ORF is present on the left-hand side. As with AAV2 and AAV3, there appears to be a single polyadenylation signal after the second ORF. The first ORF, which could encode a protein of 623 amino acids, has a high degree of homology to the rep ORF of AAV2 and AAV3. At the amino acid level, the ORF is 90 and 92% identical to those of AAV2 and AAV3, respectively, with approximately 5% of the changes being conservative (data not shown). None of the changes occurred in regions which had previously been shown to affect the known functions of Rep68 or Rep78. The region surrounding the p19 promoter was also conserved, suggesting that proteins corresponding to AAV2 Rep52 and Rep40 could be expressed.
Inspection of the p7 promoter region of AAV4 showed a high degree of conservation of known functional elements which have been identified within the p5 promoter of AAV2. Two YY1 binding sites at Ϫ60 and ϩ1 and a TATA box at Ϫ30, which are important for regulation of gene expression, have previously been identified in AAV2 (11, 58) . These sites are conserved between AAV2 and AAV4. A binding site for Rep has been identified in the AAV2 p5 promoter at Ϫ17 and is also conserved in AAV4 (42) . The only divergence between the two viruses in this region appears to be in the sequence surrounding these transcriptional regulatory elements. AAV4 contains an additional 56 bases inserted between the AAV2 YY1 element at Ϫ60 and the adjacent E-box/USF element at Ϫ77. Based on its position in the viral genome and efficient use of limited sequence, it is reasonable to expect that this sequence may be involved in regulation of virus gene expression. Computer analysis of this region indicated the presence of an additional E-box element within this region. Comparison to other E-box elements suggests that it may bind Myc with a higher affinity than it binds USF (27) . In contrast to AAV3, the TATAA box present in AAV2 at nt 1823 in the P40 promoter is conserved in AAV4.
The ITRs were PCR amplified with a primer derived from the complementary sequence of the TRS contained within the BssHII fragment and a primer in the rep ORF. The resulting fragments were cloned and found to contain a number of sequence changes compared to AAV2. However, all the changes were accompanied by complementary changes and thus would not affect the ability of this region to fold into a hairpin structure (Fig. 2) . While the TRS motif was conserved between AAV2 and AAV4, the Rep binding site contained two alterations which expand the binding site from three (GAGC) repeats to four (16) . Each of the first two repeats in AAV4 contain a T instead of a C in the fourth position. This type of repeat is present in the p5 promoter as well as in the consensus sequence which has been proposed for Rep binding (18) . Gel shift experiments with random synthetic oligonucleotide probes and AAV2 Rep78 or Rep68 showed enrichment for probes containing multiple repeats of the GAGC motif. Thus, expansion of this element in the ITR of AAV4 should affect its affinity for Rep. Methylation interference data have suggested the importance of the CTTTG motif found at the tip of one palindrome in Rep binding, with the underlined T residues affecting Rep binding to both the flip and flop forms (53) . While most of this motif is conserved in AAV4, the middle T residue is changed to a C and may indicate the importance of the structure of the palindrome and not the particular DNA sequence (8) .
In contrast to the high degree of homology between the Rep ORF of AAV2, AAV3, and AAV4, the capsid ORF of AAV4, which encodes a protein of 734 amino acids, is only 62 and 63% identical to the corrected AAV2 and AAV3 sequences, respectively (45, 51) (Fig. 3) . Comparison to Moscovy duck and goose parvoviruses showed 53% homology, and little homology to other autonomous parvoviruses was observed. While the N terminus of VP1 (amino acids 44 to 133) and the start site of VP2 are conserved among AAV2, AAV3, and AAV4, the start site for VP3 is in the middle of a divergent region. By using the three-dimensional structural analysis of the canine parvovirus and computer-aided sequence comparisons (12) , the regions of the AAV2 capsid that are predicted to be exposed on the exterior surface of the particle could be inferred. Comparison of the AAV2 and AAV4 sequences indicates that these regions are not well conserved between the viruses and suggests that they may exhibit altered tissue tropism. Very little is known about the tissue tropism of any dependovirus. While AAV4 had been shown to hemagglutinate human, guinea pig, and sheep erythrocytes (33) , it is thought to be exclusively a simian virus, since humans but not captive African green monkeys lack neutralizing antibodies (7). Additional work has involved the isolation of virus from the monkey kidney and intestine, with AAV4 antigen being detected in the kidneys, tonsils, lungs, liver, and blood following experimental infection (20) . Therefore, to test AAV4 tissue tropism, we constructed recombinant AAV4 particles which contained the gene for nucleuslocalized ␤-galactosidase. Because of the structural similarities of the AAV2 and AAV4 ITRs, a genome containing AAV2 ITRs which had been previously described was used for packaging into AAV4 capsids.
Virus was produced as previously described for AAV2, using a ␤-galactosidase vector plasmid and a helper plasmid containing the AAV4 rep and cap genes (17) . The helper plasmid was constructed to eliminate homologous sequence between the helper and vector plasmids. This step was taken to minimize the potential for wt particle formation by homologous recombination.
Virus was isolated from Cos cell lysates by CsCl banding, and the distribution of lacZ sequences across the gradient was determined by DNA dot blot analysis of gradient fractions. The majority of packaged genomes were found in fractions with a density of 1.43 g/cm 3 , which is similar to that obtained for wt AAV4. Typical yields of rAAV4 particles per producer cell were three-to fivefold greater than those of rAAV2 particles.
To determine if recombinant AAV4 particles were capable of hemagglutination, purified recombinant AAV4 particles were incubated with human RBC (type O) for 2 to 3 h at 8°C. As shown in Fig. 4 , both wt AAV4 and rAAV4 can hemagglutinate human RBCs with HA titers of approximately 1,024 and 512 HAU/l, respectively. No HA activity was detected with AAV3, recombinant AAV2, or the helper adenovirus (Fig. 4) . If the temperature was raised to 22°C, HA activity decreased 32-fold (data not shown). Comparison of the viral particle number per RBC at the end point dilution indicated that approximately 1 to 10 particles per RBC were required for HA. This value is similar to that previously reported (33) .
Tissue tropism was assessed by transduction of a variety of cell lines with serially diluted rAAV4 or rAAV2. As shown in Fig. 5 and Table 1 , Cos cells transduced with equivalent amounts of rAAV2 and rAAV4 particles resulted in similar transduction levels ( Fig. 5A and B) . However, other cell lines exhibited differential transducibility. Transduction of the human colon adenocarcinoma cell line SW480 with rAAV2 was 60 times higher than that obtained with rAAV4 ( Fig. 5C and  D) . HeLa and SW620 cells were also transduced more efficiently with rAAV2 than with rAAV4. In contrast, transduction of primary rat brain cultures exhibited a greater transduction of glial and neuronal cells with rAAV4 than with rAAV2. Because of the heterogeneous nature of the cell population in the rat brain cultures, only relative transduction efficiencies are reported (Table 1) . Previous work has shown that adenovirus can increase the transduction efficiency of AAV2 (21, 22) . As a control for adenovirus contamination of the viral preparations, Cos and HeLa cells were coinfected with rAAV and adenovirus and stained after 24 h. While the titer of rAAV2 increased in the presence of adenovirus in both Cos and HeLa cells (Fig. 6a and b, panels B) , adenovirus increased the titer only in the Cos cells transduced with rAAV4 and not in the HeLa cells (Fig. 6a and b, panels D) , suggesting that the difference in transduction efficiencies is not the result of adenovirus contamination. Furthermore, both vectors transduced SW1116, SW1463, NIH 3T3, and monkey fibroblast FL2 cells very poorly. These data suggest that AAV4 may use a cellular receptor distinct from that used by AAV2.
This hypothesis was tested by cotransduction experiments with rAAV2 and rAAV4. Cos cells were transduced with an equal number of rAAV2 or rAAV4 particles containing the lacZ gene and increasing amounts of rAAV2 particles containing the human coagulation factor IX gene (rAAV2FIX). At a 72:1 ratio of rAAV2FIX to rAAV4LacZ, only a twofold effect on the level of rAAV4LacZ transduction was obtained (Fig. 7) . However, the same ratio of rAAV2FIX to rAAV2LacZ reduced the transduction efficiency of rAAV2LacZ approximately 10-fold. Comparison of the 50% inhibition points for the two viruses indicated a sevenfold difference in sensitivity.
Previous research had shown that binding and infection of AAV2 are inhibited by trypsin treatment of cells (44) . Transduction of Cos cells with the rAAV2LacZ gene was also inhibited by trypsin treatment prior to transduction (Fig. 8) . In contrast, trypsin treatment had a minimal effect on rAAV4LacZ transduction. This result and the result of the previous competition experiment are both consistent with the utilization of distinct cellular receptors for AAV2 and AAV4. AAV4 is 4,767 nt in length and contains additional sequence upstream of the p7 promoter which may affect promoter activity. An additional E-box element is contained within this region; thus, AAV4 has two of these activator elements compared to the one of AAV2 and AAV3. Furthermore, this additional element differs in its flanking sequence from the conserved E box and therefore is more similar to a Myc binding site than to a USF site. It is interesting that the position of the new E box is still in the same place relative to the one in AAV2 and AAV3, suggesting the importance of this element in relation to the other promoter elements. ITR. The Rep binding site consensus sequence suggests that multiple repeats of the GAGC motif create a higher-affinity binding site (18) . This alteration could affect the ability of the ITR to function as an origin of replication or as a promoter or its ability to participate in Rep-mediated locus-specific integration. However, the strong conservation of this element, as well as the TRS and Rep binding site in the p5 promoter, underscores the importance of these elements in AAV biology. The majority of the differences in the capsid proteins lie in regions which have been proposed to be on the exterior surface of the virus. These changes are most probably responsible for the lack of cross-reacting antibodies, the HA activity, and the altered tissue tropism compared to AAV2. However, not all of the changes are confined to the proposed exterior regions, and they may also be important for the other unique properties of AAV4 versus AAV2. The conservation of sequence in the N terminus of VP1 is in agreement with the results of mutational studies, which demonstrated that alteration of this region decreases the yield of particles. Work by Prasad and Trempe has suggested that Rep may interact with this region and facilitate packaging (49) .
The high degree of sequence conservation in the Rep ORF stresses the importance of this group of proteins in the life cycle of the virus. The data suggest that while the target cells of the two viruses may have diverged over time, the basic functions required for rescue, replication, and packaging carried out by the Rep proteins have been conserved. The high degree of homology among AAV4, AAV2, and AAV3 clearly places AAV4 in the family of dependoviruses, but it also possesses a high degree of homology to the goose and duck parvoviruses. The primate AAV Rep proteins are more than 90% homologous but are only 40% homologous to the Rep proteins of the goose and duck parvoviruses. While AAV2, AAV3, and AAV5 have been isolated from humans, no clinical isolates of AAV4 have been reported. Our studies, using a recombinant version of the virus, suggest that it can transduce cells of human origin as well as those of monkey and rat origin. Furthermore, comparison of transduction efficiencies in a number of cell lines suggests that the cellular receptor for AAV4 is distinct from that of AAV2. Cotransduction of Cos cells with either rAAV2 or rAAV4 expressing lacZ and with rAAV2 expressing factor IX showed strong competition between the two rAAV2 vectors compared to that of rAAV4 and rAAV2 cotransduction. Furthermore, AAV2 transduction was shown to be more trypsin sensitive than that of AAV4. These results again suggest a distinct cellular receptor for AAV2 and AAV4. Unique receptors have also been suggested for AAV1 and AAV3 (44) . While most of the autonomous parvoviruses have been shown to be hemagglutinating, AAV4 is the only dependovirus with this property. HA, which has been extensively studied with canine parvovirus, has been found to be independent of receptor binding and uptake (5, 63) . However, in parvovirus B19, the P antigen which mediates HA is also thought to be the receptor for infectivity (9) . By sequence comparisons, it is unclear to which of these two groups AAV4 belongs, and further experimental determination is required. The use of the ORFs of AAV4 to package a recombinant genome suggests that the cloned genome is functional. While the difference in transduction efficiencies obtained with the cell lines emphasizes the individuality of this virus, the interchangeability of the ITRs and the conservation of the Rep ORF highlight the importance of these elements in viral replication and packaging.
